s an integral part of any rehabilitative, preventive, or maintenance program, proper exercise prescription can facilitate improvements in musculoskeletal function by addressing the specific needs of an individual. To this end, functional weight-bearing exercises have received a significant amount of attention as the preferred mode of exercise for lower extremity strengthening. 8,10,28 The popularity of weight-bearing
Trunk Position Influences the Kinematics, Kinetics, and Muscle Activity of the Lead Lower Extremity During the Forward Lunge Exercise
Experimental laboratory study.
To examine how a change in trunk position influences the kinematics, kinetics, and muscle activity of the lead lower extremity during the forward lunge exercise.
Altering the position of the trunk during the forward lunge exercise is thought to affect the muscular actions of the lead lower extremity. However, no studies have compared the biomechanical differences between the traditional forward lunge and its variations.
Ten healthy adults (5 males, 5 females; mean age SD, 26.7 3.2 years) participated. Lower extremity kinematics, kinetics, and surface electromyographic (EMG) data were obtained while subjects performed 3 lunge exercises: normal lunge with the trunk erect (NL), lunge with the trunk forward (LTF), and lunge with trunk extension (LTE). A 1-way analysis of variance with repeated measures was used to compare lower extremity kinematics, joint impulse (area under the moment-time curve), and normalized EMG (highest 1-second window of activity for selected lower extremity muscles) among the 3 lunge conditions.
During the LTF condition, significant increases were noted in peak hip flexion angle, hip extensor and ankle plantar flexor impulse, as well as gluteus maximus and biceps femoris EMG (P .015) when compared to the NL condition. During the LTE condition, a significant increase was noted in peak ankle dorsiflexion angle and a significant decrease was noted in peak hip flexion angle (P .015) compared to the NL condition.
Performing a lunge with the trunk forward increased the hip extensor impulse and the recruitment of the hip extensors. In contrast, performing a forward lunge with the trunk extended did not alter joint impulse or activation of the lower extremity musculature. Therapy, level 5. J Orthop Sports Phys Ther 2008; 38(7) : 403-409. doi:10.2519 403-409. doi:10. /jospt.2008 403-409. doi:10. .2634 exercises stems from the fact that they closely simulate activities of daily living, while simultaneously training multiple muscle groups. Furthermore, because skeletal muscle responds to the amount and type of demand (ie, tension) which is imposed upon it, proper selection of the activities that increase the mechanical and metabolic capacity of the muscle will dictate the nature and extent of the exercise adaptation. 17, 18 Although considerable attention has been given to the biomechanics of weight-bearing exercises such as squatting 4,7,9,15,20,21,24,27 and stepping, 3,12,16,22,23,26 little is known about the mechanical attributes (ie, kinematics and kinetics) and muscular responses associated with the lunge exercise and its variations. 2, 6, 11, 14 It has been proposed that variations of the forward lunge exercise can alter the actions of the lower extremity muscle groups.
11 While the forward lunge can be modified by changing the step distance of the lead lower extremity from the starting position, this exercise also can be altered by changing the position of the trunk. It is conceivable that changing the trunk position during a weight-bearing exercise will affect the mechanics of the lower extremity by shifting the location
patellar dislocation, or (3) neurological involvement that would influence performing the required exercises. The average SD height and mass of the participants were 1.73 0.07 m and 62.5 9.8 kg, respectively. The protocol for this study was approved by the Health Sciences Institutional Review Board of the University of Southern California. Subjects provided their informed written consent prior to participation.
Instrumentation
The dominant lower extremity (the lower extremity used to kick a ball) was instrumented for testing purposes. Lower extremity kinematics were collected using an 8-camera motion analysis system at 60 Hz (Vicon; Oxford Metrics LTD, Oxford, UK). Reflective markers (14-mm spheres) were placed over the following bony landmarks: the first and fifth metatarsal heads, medial and lateral malleoli, medial and lateral femoral epicondyles, the joint space between the fifth lumbar and the first sacral spinous processes and bilaterally over the greater trochanters and iliac crests. In addition, triads of rigid reflective tracking markers were placed on the lateral surfaces of the subject's thigh, lower leg, and heel counter of the shoe. Visual 3D software (C-Motion, Rockville, MD) was used to quantify motion of the hip, knee, and ankle, based on standard anatomical conventions (ie, relative motion between adjacent segments). Ground reaction forces were recorded at a rate of 1560 Hz, using an AMTI force plate (OR6-6-1; Advanced Mechanical Technology, Inc, Watertown, MA). The trajectory data from the reflective markers combined with the ground reaction forces were used to calculate the internal net joint moments using inverse dynamics equations. All moment data were normalized by body weight.
Electromyographic (EMG) activity of selected lower extremity muscles was recorded at 1560 Hz, using double-differential preamplified, bipolar, grounded surface electrodes (Motion Control, Salt Lake City, UT). Each electrode consisted of 2 circular stainless contacts (12-mm diameter) separated by a distance of 17 mm. EMG unit specifications consisted of a differential input impedance greater than 100 000 M , common-mode rejection ratio of greater than 100 dB, and a signal-noise ratio of 50 dB. Anti-alias filtering with a low-pass cutoff of 750 Hz was utilized.
Prior to electrode placement, the skin was shaved, abraded with coarse gauze to reduce skin impedance, and cleaned with isopropyl alcohol. Electrodes were then placed over the gluteus maximus, biceps femoris, vastus lateralis, and the lateral head of the gastrocnemius muscles of the dominant lower extremity, in accordance with previously published literature. 1, 5, 10 The gluteus maximus electrode was placed over the muscle belly midway between the second sacral vertebra and the greater trochanter. The biceps femoris electrode was placed over the muscle belly midway between the ischial tuberosity and the lateral epicondyle of the femur. The vastus lateralis electrode was placed over the muscle belly at the level of the mid thigh. The lateral gastrocnemius electrode was placed over the upper one third of the muscle belly.
Electrodes were connected to an EMG receiver unit, which was carried in a small pack on the subject's back. EMG signals were transmitted to an analog-to-digital converter using an 8-channel hardwired EMG unit. Differential amplifiers were used to reject the common noise and amplify the remaining signal (gain, 2000) . EMG signals were then bandpass filtered (20-500 Hz) and a 60-Hz notch filter was applied. Data were full-wave rectified and a moving average smoothing algorithm (75-millisecond window) was used to generate a linear envelope. EMG processing and smoothing was performed using EMG Analysis software (Motion Lab Systems, Baton Rouge, LA).
All EMG signals were normalized to the maximum EMG signal recorded during a maximum voluntary isometric contraction (MVIC). The MVIC for the gluteus maximus muscle was performed of center of mass relative to the base of support.
19 For instance, a common variation of the forward lunge that has the potential to increase the action of the hip extensors is the addition of trunk flexion. Conversely, performing the forward lunge with the trunk extended has the potential to increase the muscular response of the knee extensors. While these variations of the forward lunge are commonly used in clinical practice, 13 it is not known if, and to what extent, trunk position influences lower extremity biomechanics during this activity.
The purpose of the current study was to examine how trunk positioning during a forward lunge influences the kinematics, kinetics, and muscle activity of the lead lower extremity. It was hypothesized that compared to a normal lunge with the trunk erect (NL), a lunge with the trunk forward (LTF) would result in kinematic and kinetic changes that would increase the muscular actions of the hip extensors and the ankle plantar flexors, while decreasing the muscular actions of the knee extensors. It also was hypothesized that a lunge with trunk extension (LTE) would result in kinematic and kinetic changes that would increase the muscle activity of the knee extensors and decrease the muscular response of the hip extensors and the ankle plantar flexors compared to the NL condition. Information obtained from this study will allow for a better understanding of the forward lunge exercise, which in turn will translate into a more appropriate selection and implementation of this exercise to recruit specific muscle groups.
Subjects
en healthy adults (5 males and 5 females) without a history of lower extremity pain or pathology participated in this study (mean SD age, 26.7 3.2 years). Subjects were excluded from participation if they reported having any of the following: (1) previous history of knee surgery, (2) history of traumatic with subjects prone on a treatment table with the knee flexed to 90°. Hip extension resistance was provided by a strap, positioned superior to the knee joint and secured around the table. The MVIC of the biceps femoris was performed with subjects supine with hip and knee flexed to 90°. This position was supported by a 45-cm stool placed under the lower leg. Subjects were instructed to maximally flex their knee into the stool. The pelvis was stabilized during this maneuver using a strap secured around the table. The vastus lateralis MVIC was performed with subjects seated and the knee flexed to 60°. Manual resistance was applied just above the ankle. Finally, the lateral gastrocnemius MVIC was performed in standing. Subjects were instructed to perform a single-leg heel raise, with resistance supplied by a strap that formed a loop around the subject's shoulders and under the foot of the lower extremity of interest.
All MVICs were held for 5 seconds. The highest 1-second average of EMG signal during each MVIC was used for normalization purposes.
Subjects were instructed to perform 5 repetitions of 3 different variations of the forward lunge that differed only in trunk and upper extremity position. Each subject performed the lunge variations in a random order. For all conditions, the subject started in a standing position with the trunk in an upright position and arms next to the body ( ). For the NL condition, subjects were instructed to step forward with their dominant lower extremity to a predetermined distance marked on the force platform, while maintaining a vertical position of their trunk. The length of the step was standardized for each subject and was equal to the distance from the greater trochanter to the floor as measured with the subject standing. This normalized distance was chosen based on pilot testing, in which a comfortable lunge step length was determined. Subjects were asked to lower their trunk by flexing their lead and trailing knees simultaneously to a point where the trail knee was approximately 2 to 3 cm short of contacting the ground ( ). The lunge was completed when the subjects returned to the starting position.
The LTF condition was performed as described above; however, subjects were instructed to bring their arms beyond the knee of the lead lower extremity. This was accomplished by flexing the hip, trunk, and shoulders ( ). For the LTE condition, subjects raised their arms overhead and backwards, which induced trunk extension. Subjects were instructed to reach up and back with their upper extremities as far as possible ( ). The overall speed and duration of each lunge was controlled by using a metronome set at 60 beats per minute. Subjects were asked to adjust their speed so that the overall duration of each repetition of the lunge took 6 seconds (3 seconds for both the ascending and descending phases of the lunge). Errors and variability of performance were controlled by eliminating trials in which subjects demonstrated inconsistencies such as loss of balance or the inability to maintain the desired speed of movement. In addition, 1 of the investigators familiar with the lunging task provided simultaneous visual and auditory cues to subjects.
[ RESEARCH REPORT ]
The lunge cycle was identified as the time from initial contact of the lead lower extremity with the force platform to the time contact was terminated. The kinematic and kinetic variables of interest included peak sagittal plane hip, knee, and ankle angles, as well as sagittal plane hip, knee, and ankle joint impulse. We elected to evaluate sagittal variables as trunk flexion and extension would be expected to have the greatest influence on lower extremity mechanics in this plane. Joint impulse was calculated as the area under the moment-time curve during each lunge trial. Because impulse takes into consideration the magnitude and duration of the net joint moment, this variable gives a better indicator of the total torque experienced by a joint during a particular activity as opposed to the torque experienced at a single point in time (ie, peak moment).
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The EMG variables of interest consisted of the highest 1-second average of normalized EMG signal of each muscle during the 3 lunge conditions. This was done to avoid averaging low levels of EMG during the lunge cycle (as was commonly observed at movement initiation and termination), with high levels of EMG (as would tend to occur at maximum hip and knee flexion). For all variables, data from the 5 trials were averaged for each subject for each of the 3 lunge conditions. Differences among the 3 lunge conditions were assessed using a 1-way analysis of variance (ANOVA) with repeated measures. This analysis was repeated for each dependent variable of interest. Post hoc testing, consisting of paired t tests with a Bonferroni correction, was performed when a significant ANOVA test was identified (P .015). A Bonferroni adjustment was used to avoid potential type I errors associated with performing multiple t tests in the post hoc analysis. As a result, the critical threshold for significance was reduced to P .015 (.05 divided by 3). 25 7.4° versus 104.3° 11.1°; P = .003); however, no differences were detected when the LTF and LTE conditions were compared to the NL condition ( ). Similarly, knee extensor impulse was significantly greater for the LTE condition compared to the LTF condition (mean SD, 2.6 0.6 versus 2.1 0.5 N·m·s/kg; P = .008); however, no differences were evident when the LTF and LTE conditions were compared to the NL condition ( ). No differences in vastus lateralis EMG were detected between the 3 lunge conditions ( ).
The peak hip flexion angle was significantly greater during the LTF condition (mean SD, 107.9° 9.7°) compared to the NL condition (mean SD, 87.4° 11.8°; P .001) and the LTE condition (mean SD, 79.7° 11.5°; P .001) (
). In addition, the peak hip flexion angle during LTE was significantly less when compared to the NL condition (mean SD, 79.7° 11.5° versus 87.4° 11.8°; P = .01) ( ). Hip extensor impulse for the LTF condition was sigeak ankle dorsiflexion was significantly greater during the LTE condition (mean SD, 31.4° 3.5°) compared to the NL (mean SD, 25.3° 5.7°; P = .008) and the LTF (mean SD, 24.3° 4.9°; P = .004) conditions ( ). No difference in peak ankle dorsiflexion was found between the LTF and the NL conditions. Ankle plantar flexor impulse was significantly greater during the LTF condition (mean SD, 2.5 0.4 N·m·s/kg) compared to the NL (mean SD, 1.7 0.4 N·m·s/kg; P .001) and the LTE conditions (mean SD, 2.0 0.5 N·m·s/kg; P = .005) ( ). No difference in ankle plantar flexor impulse was found between the LTE and NL conditions. In addition, no differences in lateral gastrocnemius EMG were detected between the 3 lunge conditions ( ). nificantly greater (mean SD, 5.2 1.0 N·m·s/kg) compared to the NL (mean SD, 3.9 0.7 N·m·s/kg; P = .001) and LTE conditions (mean SD, 3.5 0.9 N·m·s/kg; P .001) ( ). No difference in hip extensor impulse was detected between the LTE and the NL conditions.
The EMG of the gluteus maximus for the LTF was significantly greater (mean SD, 22.3% 12.0% MVIC) than the NL condition (mean SD, 18.5% 11.0% MVIC; P = .009) ( ). Similarly, the EMG of the biceps femoris for the LTF condition was significantly greater (mean SD, 17.9% 9.6% MVIC) when compared to the NL condition (mean SD, 11.9% 6.4% MVIC; P = .005) (
). No differences in EMG were detected for either the gluteus maximus or the biceps femoris between the LTE and the NL conditions. he forward lunge is a common rehabilitation exercise that simulates many activities of daily living. Clinically, variations of the forward lunge exercise, including the LTF and LTE, are implemented with the intent to target certain muscle groups, depending on an individual's needs.
11,13 The current investigation supports this premise, in that the LTF and LTE affected the lead lower extremity biomechanics when compared to the NL condition. Based on the proposed hypotheses, our discussion will focus on how the LTF and LTE conditions differed from the NL condition.
In agreement with our proposed hypothesis, the LTF was found to significantly increase the hip extensor impulse and hip extensor EMG when compared to the NL. These findings were consistent with the observation of greater peak hip flexion during the LTF compared to the NL condition. Although our findings would appear to suggest that the LTF better challenges the hip extensors compared to the NL, it should be noted that the increases in hip extensor EMG with the LTF were relatively small (3.8% MVIC and 6.0% MVIC for the gluteus maximus and biceps femoris, respectively). Given as such, the clinical relevance of the observed EMG changes could be debated.
The relatively small increases in hip extensor muscle activity during the LTF may be due to multiple factors, thus a brief discussion is warranted. First, it is possible that the forward shift in the body center of mass during the LTF may not have been of sufficient magnitude to warrant meaningful increases in hip extensor muscle action. The second factor may be related to the fact that the subjects in our study were healthy young adults. It is conceivable that individuals with hip extensor weakness may exhibit greater amount of muscle recruitment when performing the various variations of the forward lunge exercise. For example, the observed changes in hip muscle EMG in our subjects during the LTF corresponded to a 20% and 50% increase in gluteus maximus and biceps femoris activity respectively compared to the NL condition. While this may not represent a meaningful increase in muscle activation for an individual who is performing the NL at a level of 20% MVIC, this relative increase could be substantial for a weaker individual who is performing the NL at 60% MVIC.
Inconsistent with our first hypothesis, we did not detect a decrease in knee extensor recruitment during the LTF condition. Based on the visual observation of multiple subjects, we speculated that the participants may have been unloading the trail lower extremity, while shifting more of their body weight onto the lead lower extremity, during the LTF condition. The increase in weight bearing on the lead lower extremity would be expected based on the nature of the LTF maneuver. To explore this hypothesis, a post hoc analysis of the vertical ground reaction forces during the LTF and NL conditions was performed. This analysis revealed that the individuals exhibited a 27% increase in vertical ground reaction force for the lead lower extremity during the LTF compared to the NL (P .001). This increase in the vertical ground reaction force on the lead leg during the LTF condition would increase the impulse of all the lead lower extremity joints. Therefore, it may be the case that the expected decrease in the knee extensor impulse owing to a shift of the center of mass over the knee joint center (ie, reduced ground reaction force lever arm) was offset by an increase in the vertical ground reaction force under the lead lower extremity. Similarly, the increase in hip extensor impulse during the LTF condition was likely due to the combined effect of a more anterior position of the center of mass relative to hip joint center as well as an increase in the vertical ground reaction force experienced by the lead lower extremity.
While there were no differences in peak ankle dorsiflexion angles between the LTF and NL, subjects demonstrated a 47% increase in plantar flexor impulse during the LTF condition. Similar to the observed increase in hip extensor impulse, the increase in plantar flexor impulse was likely related to the forward shift of the center of mass relative to the base of support as well as the increased vertical ground reaction force during the LTF condition. The increase in plantar flexor impulse during the LTF condition was not, however, accompanied by an increase in the lateral gastrocnemius EMG.
In contrast to the comparison between the NL and the LTF conditions, there were minimal differences between the LTE and NL. The primary differences were seen in the kinematics, which included a greater peak ankle dorsiflexion angle and a lesser peak hip flexion angle in the LTE condition. Despite the kinematic differences, however, there were no differences in joint impulse at the hip, knee, and ankle, or lower extremity EMG between the 2 conditions. As suggested above, differences in lead lower extremity biomechanics during the 3 lunge conditions may have been the result of the center of mass excursion relative to the base of support, as well as the differences in the amount of weight bearing on the lead lower extremity. The more pronounced changes in lower extremity biomechanics exhibited during the LTF condition reflect the inherently greater range of hip and trunk flexion, thereby facilitating the forward movement of the body's center of mass and increased weight bearing on the lead lower extremity. Conversely, the lack of EMG and joint impulse changes between the NL and the LTE may be attributed to the fact the there is less available motion of the trunk into extension as opposed to flexion. The reduced extension motion would limit the posterior displacement of the body's center of mass.
Interpretation of the findings of this investigation should be made with an appreciation for the study's limitations. First, our subject sample consisted of a cohort of young healthy individuals. Given as such, care should be taken in extrapolating these findings to various patient populations that may exhibit weakness, range-of-motion deficits, or other impairments. Second, it could be argued that our sample size was inadequate to find significant differences in impulse and EMG variables between the NL and LTE. However, relatively small differences in joint kinematics were detected between these 2 conditions (6°-7°), suggesting that our study was powered appropriately. Third, lower extremity kinematics were not strictly controlled between subjects (subjects were permitted to vary their joint kinematics to accomplish each lunge task according to the specific performance criteria). Therefore, the degree to which the observed differences in lower extremity biomechanics and muscle activation patterns between the 3 lunge conditions can be attributed solely to differences in trunk positioning is unknown. O ur data suggest that trunk and upper extremity position during the lunge exercise can significantly affect the biomechanics of the lower extremities. In general, the LTF was characterized by an increase in hip extensor impulse and a concomitant increase in the muscular actions of the hip extensors when compared to NL. In contrast, performing a forward lunge with the trunk extended did not alter joint impulse or the EMG signals of the lower extremity musculature. These findings should be considered when prescribing variations of the lunge as part of a lower extremity rehabilitation program.
Performing a forward lunge with trunk forward increases the recruitment of the hip extensors. Performing a forward lunge with trunk extension does not alter the activation of the lower extremity musculature.
Performing a forward lunge with the trunk forward may be desirable when the goal is to increase recruitment of the hip extensors.
The subjects utilized in this study consisted of healthy young adults. Care should be taken in extrapolating these findings to various patient populations.
